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The nuclei of progenitor cells in developing neural epithelia change their position during the cell 
cycle through a process called interkinetic nuclear migration. Del Bene et al. (2008) report that 
defects in the machinery controlling this process lead to altered exposure to Notch signals and 
systemic effects on neurogenesis in the retina.In the proliferative zones of developing 
neural structures, neural progenitors 
make cytoplasmic connections with 
both the apical and basal sides of the 
neural epithelium, whereas the position 
of the nucleus along the apical-basal 
axis varies depending on the stage of 
the cell cycle. This phenomenon relies 
on a process known as interkinetic 
nuclear migration (INM) (Figure 1). INM 
has been documented in multiple sys-
tems, including the developing spinal 
cord, cerebral cortex, and retina. In the 
retina, the cell body and nucleus are 
on the apical side of the neuroepithe-912 Cell 134, September 19, 2008 ©2008 Ellium closest to the pigmented epithe-
lium upon entry into G1. Progression 
through G1 coincides with movement of 
the nucleus to the basal side of the neu-
roepithelium, closer to the site where 
the lens forms. Upon completion of this 
basal migration, cells enter S phase, 
and at the onset of G2, the cell body 
and nucleus begin to reverse migra-
tion toward the apical side. Completion 
of this nuclear migration is marked by 
mitosis and repetition of the entire pro-
cess by daughter progenitor cells (Baye 
and Link, 2008) (Figure 1A). Although 
this phenomenon was documented sevier Inc.over 70 years ago (Sauer, 1935), the 
cellular mechanisms that regulate INM 
remain elusive. Moreover, it remains 
unclear why neural progenitors undergo 
this process, although it has been sug-
gested to promote diversity in cell fates 
(Baye and Link, 2008).
In this issue, Baier and colleagues 
report that a mutation in zebrafish 
(called mikre oko, moks309) that alters 
the proliferative capacity of the reti-
nal ciliary marginal zone also results in 
defects in INM and embryonic neuro-
genesis (Del Bene et al., 2008; Wehman 
et al., 2005). moks309 zebrafish harbor Figure 1. Interkinetic Nuclear Migration and Notch Influence Neurogenesis
(A) Progenitors coordinate interkinetic nuclear migration (INM) with passage through specific phases of the cell cycle. From left: Cells enter the cell cycle on 
the apical side of the retina. Cell nuclei move toward the basal side of the retinal neuroepithelium as they pass through G1. Cells enter S phase at the end of 
this basal migration, and nuclei move back toward the apical side during G2. Cells enter mitosis (M) on the apical side. Notch expression and Notch signaling 
activity increase nearer the apical side of the neuroepithelium. Delta ligands of the Notch receptor are expressed in a gradient with the opposite orientation. 
Yellow circles represent centrosomes. Red lines represent mitotic spindle microtubules. Blue lines represent chromosomes.
(B) Wild-type progenitors give rise to cells of the ganglion cell layer (GCL), inner nuclear layer (INL), and outer nuclear layer (ONL) in a 3:5:2 ratio (left). moks309 
cells placed in a wild-type environment give rise to cells of the same layers in a 5:3:2 ratio (right). The changes in retinal cell type production observed in 
the moks309 retina coincide with altered Notch signaling activation. Decreased levels of dynactin result in alterations in INM that affect progenitor exposure 
to the Notch gradient.
a nonsense mutation in the Dynac-
tin-1 (Dnct1) locus that eliminates the 
C terminus of the protein, and mutants 
express lower levels of dynactin overall. 
The dynein complex, with which dynac-
tin associates, plays a critical role in 
crosslinking microtubules to the nuclear 
envelope and mediating nuclear move-
ment (Tsai and Gleeson, 2005), a key 
aspect of interkinetic nuclear migration. 
Previous studies have documented mis-
positioning of photoreceptor cell nuclei 
in other mok mutants, and this mispo-
sitioning phenotype is associated with 
decreased photoreceptor cell survival 
(Doerre and Malicki, 2001; Tsujikawa et 
al., 2007).
Del Bene et al. (2008) find that moks309 
mutant zebrafish produce more of the 
earliest born neurons of the retina, the 
retinal ganglion cells. In moks309 mutants, 
the time window for the production of 
retinal ganglion cells is extended, as 
determined by expression of atoh7, a 
transcription factor that promotes the 
retinal ganglion cell fate. Additionally, the 
overproduction of retinal ganglion cells 
appears to come at the expense of Mül-
ler glia and bipolar cells, which are nor-
mally produced later in retinogenesis. 
The authors conclude that this alteration 
in the generation of different cell types 
occurs in a cell-autonomous manner 
because neural progenitors from moks309 
mutants continue to overproduce retinal 
ganglion cells even when transplanted 
to wild-type retinas (Figure 1B). Interest-
ingly, although there is a clear defect in 
neurogenesis in the moks309 mutant ani-
mals, initial production of some retinal 
cell types is unaffected. Given that all 
neuronal cell types of the retina are gen-
erated from a single progenitor pool, it is 
intriguing that only certain cell types are 
affected.
Thymidine analog labeling experi-
ments performed in moks309 animals 
during early retinal neurogenesis dem-
onstrate that many cells exit the cell 
cycle prematurely during the initial 
wave of neurogenesis. This observa-
tion explains why moks309 animals that 
have smaller than average eyes contain 
a larger population of retinal ganglion 
cells than do wild-type animals; prema-
ture cell-cycle exit biases the progenitor 
population to differentiate into the ear-
liest possible fate, the retinal ganglion cell, and may simultaneously deplete 
the progenitor pool available for later 
neurogenesis.
Del Bene et al. are able to link the 
dynactin mutation to the defect in neu-
rogenesis by observing that INM is 
altered in mutant retinal progenitors. 
Specifically, mutant cell nuclei migrate 
to the basal side of the neuroepithelium 
further and faster, while moving more 
slowly in the apical direction than wild-
type cells. Additionally, basal mito-
ses occur more frequently in moks309 
retinas. Previous work from one of the 
contributing groups has demonstrated 
that the extent of basal nuclear migra-
tion is a predictor of neurogenic versus 
proliferative divisions—greater basal 
migration distances are correlated 
with neurogenic divisions (Baye and 
Link, 2007). Thus, altered INM dynam-
ics resulting from the moks309 mutation 
may cause premature cell-cycle exit 
and retinal ganglion cell overproduc-
tion in this system.
Because INM depends on nuclear 
coupling to the cytoskeleton, defects in 
nuclear envelope proteins that mediate 
this association through the dynactin 
complex are also likely to affect neu-
rogenesis. Consistent with this hypoth-
esis, expression of one domain of the 
Syne2a nuclear envelope protein and 
knockdown of Syne2a have been shown 
to alter nuclear positioning and photo-
receptor cell survival (Tsujikawa et al., 
2007). Expression of the same domain 
during early retinogenesis results in 
retinal ganglion cell overproduction 
and decreased production of later-born 
cell types. Although not shown directly, 
this result is also likely due to defects 
in INM.
Although mutations that effect INM 
can be linked to altered neurogen-
esis, previous work has not explained 
why rounds of INM that extend further 
basally should result in neurogenic mito-
ses. One possibility is that the extent of 
nuclear migration could alter cellular 
exposure to extracellular signals. One 
candidate molecule that plays a role in 
regulating progenitor proliferation ver-
sus cell-cycle exit is Notch, activation 
of which can inhibit cell-cycle exit and 
neuronal differentiation. Conveniently, 
Notch is expressed in an apical-to-basal 
gradient in a number of tissues, includ-Cell 134, Sing the retina (Murciano et al., 2002). 
The authors demonstrate that greater 
basal nuclear migrations diminished 
exposure to Notch signaling and Notch 
pathway activation. Furthermore, either 
crossing moks309 zebrafish to a line in 
which cell-cycle exit is delayed or over-
expressing activated Notch in mutant 
cells can rescue the production of cell 
types normally depleted in the moks309 
mutant. This demonstrates convincingly 
that altered Notch signaling is a cause 
of the neurogenesis defect observed in 
these animals.
The work of Del Bene and colleagues 
can be related to another recent study 
regarding the importance of INM on 
cortical neurogenesis. Xie et al. (2007) 
recently demonstrated that depletion of 
either Cep120 or TACC proteins, which 
are associated with the centrosome 
and the microtubule lattice that links 
the centrosome and nucleus, results 
in altered INM and neurogenesis. Simi-
lar to the effect of decreased Dynac-
tin or Syne2a expression, depletion of 
Cep120 or TACC protein levels resulted 
in increased cell-cycle exit, increased 
neuron production, more basal mito-
ses, and slower basal-to-apical nuclear 
movement. Xie et al. looked at proteins 
coupling the centrosome to the micro-
tubule lattice, whereas the present 
study focuses more on the opposite 
end of this cytoskeletal connection, 
the interface of the cytoskeleton and 
nuclear envelope. In both cases, how-
ever, the net effect of the loss of these 
connections is similar. One caveat is 
that Xie and colleagues did not look at 
the effect of Cep120 or TACC knock-
down on production of specific classes 
of neurons. Therefore, it is not known 
whether knockdown of Cep120 or 
TACC results in global alterations of 
cortical cell types produced or only 
specific classes of neurons. Finally, 
given that the cerebral cortex displays 
a similar gradient of Notch expression 
(Murciano et al., 2002), it will be inter-
esting to see whether lessons from the 
present study can be applied to INM 
defects in this system as well.
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Fatty acid metabolism is now appreci-
ated as an important contributor to the 
pathogenesis of insulin resistance and 
type 2 diabetes (Savage et al., 2007). 
This concept harkens back to the pio-
neering work of McGarry and colleagues 
(McGarry, 1992), who posed that dia-
betes mellitus might primarily be a dis-
ease of lipid metabolism rather than of 
glucose metabolism. Although abnormal 
glucose homeostasis and hyperglycemia 
remain the clinical hallmarks of diabetes 
mellitus, elevated levels or increased 
flux of free fatty acids also typify states 
of insulin resistance in both man and 
animals. Free fatty acids in the circula-
tion are taken up by muscle and liver, 
where they are stored as triglycerides or 
metabolized through the mitochondrial 
beta-oxidation pathway (Figure 1). When 
this system becomes unbalanced, such 
that mitochondrial oxidation cannot keep 
pace with the accumulation of intracellu-
lar fatty acyl-CoA, a variety of fatty acid 
metabolites build up within insulin target 
cells. For example, palmitic acid leads to 
the generation of intermediary metabo-
lites such as long-chain fatty acyl-CoA, 
diacylglycerol, and ceramide. In addition, 
palmitate exerts proinflammatory effects 
on macrophages, Kupffer cells, and 
Fat talks, liver 
Jerrold M. Olefsky1,*
1University of California, San Diego, 9500 Gilm
*Correspondence: jolefsky@ucsd.edu
DOI 10.1016/j.cell.2008.09.001
Fat metabolism and glucose ho
al. (2008) now take this concept 
adipose tissue that regulates insDoerre, G., and Malicki, J. (2001). J. Neurosci. 21, 
6745–6757.
Murciano, A., Zamora, J., Lopez-Sanchez, J., 
and Frade, J.M. (2002). Mol. Cell. Neurosci. 21, 
285–300.
Sauer, F.C. (1935). J. Comp. Neurol. 62, 377–405.
Tsai, L.H., and Gleeson, J.G. (2005). Neuron 46, 
383–388.sevier Inc.
other cell types (Stratford et al., 2004; 
Postic and Girard, 2008; Schenk et al., 
2008), and all of these effects have been 
reported to cause insulin resistance. 
However, not all fatty acids are the same: 
polyunsaturated fatty acids have little or 
no effect on insulin signaling, and omega 
three fatty acids might actually improve 
insulin sensitivity. In this issue, Cao et al. 
(2008) report a new link between fatty 
acid metabolism and insulin resistance. 
Their findings show that palmitoleate, a 
free fatty acid made by adipocytes, is a 
circulating factor that modulates insulin 
sensitivity in liver and muscle.
This new mechanism of regulating 
insulin sensitivity involves specific fatty 
acid-binding proteins (FABPs). FABPs 
are lipid chaperones that bind to intra-
cellular fatty acids, coupling them to 
signaling pathways or conveying them 
to their ultimate cellular destination. In 
their current work, Cao et al. used an 
unbiased lipodomics analysis, mea-
suring more than 400 lipid species in 
blood and tissue samples. As expected, 
major changes in a large number of 
lipid classes are observed in tissues 
and blood of wild-type animals fed a 
diet of normal chow compared to mice 
fed a high-fat diet. Mice lacking FABP4 
and Muscle lis
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tively protected from these dramatic 
changes in lipid profiles. Previous work 
has shown that mice deficient in both 
FABP4 and FABP5 display a remark-
able state of insulin sensitivity and are 
protected from metabolic deterioration 
induced by a high-fat diet (Maeda et al., 
2005). In addition, treatment of obese 
mice with a small-molecule inhibitor of 
FABP4 causes a variety of beneficial 
effects, including improvement in glu-
cose tolerance and amelioration of sys-
temic insulin resistance (Furuhashi et 
al., 2007).
Cao et al. next sought to determine 
whether there might be a specific lipid 
signal that tracks with insulin sensitivity 
and identified palmitoleate as a fatty acid 
that is highly enriched in the adipose tis-
sue of mice deficient in both FABP4 and 
FABP5. A high-fat diet caused a marked 
decrease in the concentration of palmi-
toleate in adipose tissue in wild-type ani-
mals, whereas only a minimal decrease 
was observed in the FABP-deficient 
mice. They also observed a 4-fold higher 
concentration of palmitoleate in plasma 
of FABP-deficient mice, compared 
to wild-type mice on high-fat diets. 
Because dietary levels of palmitoleate 
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